Mycobacterium tuberculosis contains mannosylated cell wall components which are important in macrophage recognition and response. The building block for the mannosyl constituents of these components is GDP-mannose, which is synthesized through a series of enzymes involved in the mannose donor biosynthesis pathway. Nothing is known about the expression levels of the genes encoding these enzymes during the course of infection. To generate transcriptional profiles for the mannose donor biosynthesis genes from virulent M. tuberculosis and attenuated Mycobacterium bovis BCG, bacteria were grown in broth culture and within human macrophages. Our results with broth-grown bacteria show that there are differences in expression of the selected genes between M. tuberculosis and BCG, with increased expression of manC in M. tuberculosis and manA in BCG during stationary-phase growth. Results for M. tuberculosis extracted from within macrophages show that whiB2 is highly expressed and manB and manC are moderately expressed during infection. Rv3256c, Rv3258c, and ppm1 have high expression levels early and decreased expression as the infection progresses. Results with BCG show that, as in M. tuberculosis, whiB2 is highly expressed throughout infection, whereas there is either low expression or little change in expression of the remaining genes studied. Overall, our results show that there is differential regulation of expression of several genes in the mannose donor biosynthesis pathway of M. tuberculosis and BCG grown in broth and within macrophages, raising the possibility that the level of mannose donors may vary during the course of infection and thereby impact the biosynthesis of mannose-containing cell wall molecules.
Tuberculosis (TB) kills nearly 2 million people each year and has become the leading cause of death among HIV patients. Although treatments have been available for more than 80 years, inconsistent completion of antibiotic courses has led to resistance to all current anti-TB drugs among bacterial isolates (33) . The emergence of multidrug-resistant (MDR) and extensively drug-resistant (XDR) strains of TB, especially in HIV patients, poses a serious threat to the control of TB worldwide. Mycobacterium tuberculosis is the causative agent of TB and possesses a compositionally unique cell wall, which is the target of several TB therapeutics, like isoniazid and ethambutol. The last time a new drug was marketed for TB was 1963 (12) , and coupled with the development of resistance, this lack of newer drugs emphasizes a critical need for the discovery of new drug targets in M. tuberculosis.
It has long been thought that M. tuberculosis has coevolved with its human host, which is the only known reservoir (29) . The complex pathogenicity of this bacterium in the context of its preferred niche is only partially understood. Comparative genomics between virulent strains of M. tuberculosis and the attenuated vaccine strain Mycobacterium bovis BCG have revealed gene deletions in BCG, providing insight into some key determinants of virulence within the regions of difference (RDs) (8) . It was thought that complementation of the RDs in BCG would restore complete virulence, but the result was only a partial restoration (4, 22) . This clearly indicates the complexity of M. tuberculosis pathogenesis and opens the door for investigation of other factors, such as regulation of transcription, that contribute to its success as a pathogen.
The M. tuberculosis cell wall contains the highly mannosylated cell wall components phosphatidyl-myo-inositol mannosides (PIMs), lipomannan (LM), and mannosecapped lipoarabinomannan (ManLAM) (2, 9, 31), which are important in TB immunopathogenesis. The terminal mannose cap structures of higher-order PIMs and ManLAM bind to the host macrophage mannose receptor in a form of host molecular mimicry (27, 30) . The terminal mannose caps as well as the mannan structures in the core of these molecules are synthesized through a variety of specific mannosyltransferases that use the donors GDP-mannose and polyprenyl phosphate mannose (PPM), which are products of the mannose donor biosynthesis pathway (11) . The putative genes of this pathway in M. tuberculosis are orthologs with 100% sequence identity in the ORFs as well as in the upstream regions to those in the attenuated vaccine strain BCG and include manA (an isomerase) (20) , manB (a phosphomannomutase) (15) , manC (a GDP-mannose pyrophos-phorylase) (14, 18) , and ppm1 (polyprenol-phosphate mannose synthase) (10, 11) . Additionally, there are several other neighboring genes, like whiB2 (Fe-S clustering molecule and transcriptional regulator) (26), Rv3256c and Rv3258c (both hypothetical proteins), and Rv3253c (a postulated membrane flippase), whose functions are unknown but which are potentially contributing members of the mannose donor biosynthesis pathway (Fig. 1) . Although the functions of several of these genes have been elucidated in nonpathogenic species of mycobacteria, such as Mycobacterium smegmatis, the regulation of expression of these genes in vitro and within macrophages has not been determined in virulent M. tuberculosis or compared with that in BCG. Such knowledge will have direct relevance to the availability of mannose donors for building the mannosylated cell wall components.
Expression differences between wild-type and attenuated vaccine strains of M. bovis have been reported, and it is thought that these differences may have a major impact on antigenic profiles (5) . Mycobacterial gene expression work to date has been largely performed using platform technologies like microarrays, and while this approach provides an indication of large global expression changes, it lacks specificity for particular pathways postulated to contribute to virulence (25) . A more in-depth look at individual pathways will provide us with greater insight into the complexities of transcriptional regulation as a major means of regulating virulence. Here we compared the regulation of expression of genes known or likely to be involved in the mannose donor biosynthesis pathway for generating mannosylated cell wall molecules between M. tuberculosis and BCG grown either in vitro or in human monocyte-derived macrophages (MDMs). We show significant differences in the expression of identical genes in the putative mannose donor biosynthesis pathway between these two mycobacterial species.
MATERIALS AND METHODS
Mycobacterial strains and growth media. M. tuberculosis H 37 R v (ATCC 27294) and M. bovis BCG-Pasteur (ATCC 35734) were grown either on Middlebrook 7H11 agar (Difco, Franklin Lakes, NJ) with 10% oleic acid, albumin, dextrose, and catalase (OADC) enrichment for 9 to 14 days (for macrophage experiments) or in Middlebrook 7H9 broth (Difco) plus 10% OADC and 0.05% Tween 80 with magnetic stirring for up to 24 days (for broth growth phase experiments) (32) . Glycerol was added to both 7H11 and 7H9. For plate-grown bacteria, single-cell suspensions were obtained as previously described (28) . Growth curves for broth cultures were determined by taking an OD 600 (optical density at 600 nm) reading of stirred cultures grown in 7H9 plus Tween 80 every 24 h, and growth curve determination was performed in triplicate for each strain.
FIG. 1.
Putative mannose donor biosynthesis pathway for the building of two key mannose donor molecules, GDP-mannose and polyprenyl monophosphate mannose (PPM), which serve as substrates for mannosyltransferases. The inset shows the genomic location and arrangement of genes encoding key enzymes, manA, manB, and manC, in the pathway as well as the other genes of interest with unknown functions, Rv3253c, Rv3256c, and Rv3258c, used for the transcriptional expression study.
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Isolation of MDMs. MDMs were obtained from peripheral blood mononuclear cells (PBMCs) as previously described (27) . Briefly, heparinized blood was obtained by venipuncture from purified protein derivative (PPD)-negative donors using an approved protocol by The Ohio State University Institutional Review Board. PBMCs were separated on a Ficoll cushion and were cultured for 5 days in RPMI medium containing 20% autologous serum in Teflon wells at 37°C with 5% CO 2 . After 5 days of growth in the Teflon wells, MDMs were made to adhere to 100-by 150-mm tissue culture dishes with medium in the presence of 10% autologous serum for 2 h; nonadherent cells were removed by washing with prewarmed RPMI, and MDMs were cultured for an additional 7 days in 20% autologous serum, allowing a total of 12 days of growth (19) . At day 12, the MDMs were infected at a multiplicity of infection (MOI) of 5:1 in the presence of serum for 2 h at 37°C with 5% CO 2 . CFU were counted in parallel on agar plates to verify the inoculum used and thus confirm the MOI.
Bacterial lysis, RNA isolation, and real-time PCR. Samples from broth-grown bacterial cultures were taken at predetermined growth phases and pelleted by centrifugation at 10,000 ϫ g. Total RNA was extracted and purified by using an RNeasy mini-column (Qiagen, Valencia, CA) and 0.1-mm zirconia-silica beads (Biospec Products) coupled with DNase I (Qiagen, Valencia, CA) treatment. Isolation of bacteria from within infected macrophages was achieved by using a guanidinium thiocyanate (GTC)-based differential lysis solution as previously described (16) . Bacterial RNA from within macrophages was processed by the procedure described above. RNA was reverse transcribed to cDNA using 500 U of Superscript II reverse transcriptase with 10 mM deoxynucleoside triphosphates, 10 U RNase inhibitor, 0.1 M dithiothreitol, and 3 g of random hexamers (all from Invitrogen) for 120 min at 42°C, followed by inactivation with 1 N NaOH at 65°C for 10 min. Control reactions were performed in parallel without reverse transcriptase to verify the absence of DNA contamination. PCR was performed on the resulting cDNA using 300 mM custom-made primers with iQ SYBR green master mix (Bio-Rad) and 4% dimethyl sulfoxide. All samples were run in triplicate using the Bio-Rad CFX96 real-time system and analyzed using the 2 Ϫ⌬⌬CT method, and expression was determined relative to that of the housekeeping gene rpoB (13) . Means and standard deviations for triplicate wells were recorded. GAPDH primers were used to identify contaminating eukaryotic RNA [5Ј ACTTTGCTATCGTGGAAGGACT 3Ј (forward) and 5Ј GTAGAG GCAGGGATGATGTTCT 3Ј (reverse)]. Bacterial-gene-specific custom primers are listed in Table 1 .
RESULTS

Selection of transcriptional profiling candidates.
Using basic bioinformatics as well as previous work done with M. smegmatis for manA, manB, manC, and ppm1, we constructed a putative mannose donor biosynthesis pathway (Fig. 1) to depict the building of the two mannose donor molecules, GDP-mannose and PPM. Open reading frames (ORFs) for manA, manB, pmmB (another phosphomannomutase gene), manC, and ppm1 orthologues of M. tuberculosis H 37 R v were obtained using the NCBI GenBank web server (http://www.ncbi.nlm.nih .gov/genome). Located near manA, manB, and manC in the M. tuberculosis genome (Fig. 1, inset) were several genes of unknown function (Rv3253c, Rv3256c, and Rv3258c) as well as whiB2, which was recently described as encoding a transcriptional regulator that is embedded in the genomic region of interest (Fig. 1, inset) (26) . Further bioinformatic analysis using the basic local alignment search tool (BLAST) from NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi) revealed that all of the genes of interest for our transcriptional profiling study had 100% sequence identity with those in BCG. The locus tags and names of all of these candidate genes in M. tuberculosis and BCG are listed in Table 1 .
Transcriptional profiling of mannose donor biosynthesis genes of M. tuberculosis and BCG grown in broth culture. Growth curves of M. tuberculosis and BCG were generated by growing the bacteria under identical culture conditions. Comparable time points were chosen for these two strains to analyze gene expression at the lag, log, or stationary growth phase. Custom primers were designed for each gene listed in Table 1 , and because the sequences of M. tuberculosis and BCG genes were identical, the same primer sets were used for both strains under all conditions. All analyses determined expression relative to that of the housekeeping gene rpoB, which remained constant under all conditions for both strains.
Our results for the transcriptional profile in broth show that there are differences in expression of certain genes between M. tuberculosis and BCG during the same growth phases despite their identical sequences. In M. tuberculosis ( Fig. 2A) , whiB2 has relatively high expression compared to the other genes in the study. As growth continues, the expression level of whiB2 decreases during the exponential phase but then increases as growth continues further and peaks at late stationary phases. In BCG (Fig. 2B) , whiB2 begins with a relatively high expression level, peaks at early log phase, and decreases as growth continues, a trend which is opposite to that seen in M. tuberculosis for the same gene. During the early log phase of growth of BCG, Rv3253c expression is higher than that of the other genes and decreases to baseline as growth continues. The most notable differences in expression between the strains were observed during the stationary phase of growth. In M. tuberculosis, manC expression spikes during this growth phase and manB has increased expression. In BCG, manA spikes during this growth phase and Rv3258c and manB show increased expression.
Transcriptional profiling of mannose donor biosynthesis genes of M. tuberculosis and BCG in macrophages. As human macrophages are the host cell niche for M. tuberculosis, we next infected these cells with M. tuberculosis and BCG and developed a reliable assay for recovering intact intracellular myco- bacteria for RNA extraction. Using a specialized lysis buffer (GTC), we were able to stabilize bacterial RNA, and keep the bacteria intact while completely lysing the monolayer. Optimization required an MOI of 5:1 (bacteria to MDMs) for macrophage infection, which allowed the infected cell monolayer to remain intact for at least 5 days postinfection while still being able to generate enough bacterial RNA for cDNA synthesis, especially at early time points.
In order to carefully differentiate unique expression changes in bacteria residing within macrophages from those in the "input" bacteria for the experiment, a single-cell suspension was prepared from plate-grown bacteria and analyzed by quantitative reverse transcription-PCR. Results of input bacterial expression profiles show similar trends for both bacteria, with whiB2 being highly expressed relative to all other genes in the set (Fig. 3A) . Results from intramacrophage bacteria indicate that whiB2 is consistently highly expressed in both M. tuberculosis and BCG throughout the course of infection. In M. tuberculosis (Fig. 3B) , there is an initial peak in expression for Rv3258c, Rv3256c, and ppm1 after 2 h of infection compared to input bacteria, and then expression levels for all three genes steadily decrease over time. manC and manB are moderately expressed during the course of infection. Results for BCG (Fig.  3C) show little or no change in expression of all genes in the study with the exception of whiB2, whose expression remained high throughout the course of infection.
DISCUSSION
In the present study, we show that there are differences in the transcriptional expression profiles of identical mannose donor biosynthetic genes between M. tuberculosis and BCG strains grown in broth culture as well as within human macrophages. One of the most noticeable differences in expression in broth between these two mycobacterial strains is that of gene encoding the Fe-S containing transcriptional regulator, whiB2 (Fig. 2) . The WhiB-like molecules in the context of Mycobacterium species have been reported to be involved in crucial cellular processes like cell division, nutrient starvation, stress, antibiotic resistance, and pathogenesis (1, 6, 26) . Previous work using microarrays has shown differences in expression of other WhiB-like molecules between M. tuberculosis, M. bovis, and M. bovis BCG vaccine strains (3, 7, 24) . The only difference in the trend seen for whiB2 between M. tuberculosis and BCG was during growth in broth. Since no significant difference in expression of whiB2 was observed between M. tuberculosis and BCG in macrophages during the infection period or in the input bacteria (Fig. 3) , this suggests that it may not play a direct role in pathogenesis. However, it will be interesting to know whether whiB2 has any effect on mycobacterial mannosylation because it is located in the neighborhood of the mannose donor biosynthesis pathway (Fig. 1, inset ) and known to be essential for mycobacterial growth (23) .
M. tuberculosis in broth culture during late log to early stationary growth phase showed relatively increased expression of two genes, manB and manC ( Fig. 2A) , encoding a phosphomannomutase and a GDP-mannose pyrophosphorylase, respectively, which are key enzymes in the mannose donor biosynthesis pathway. During the same growth phases in BCG, the genes with increased expression are manA, which encodes a phosphomannose isomerase, and Rv3258c, a hypothetical gene of unknown function (Fig. 2B) . This differential regulation of expression of mannose donor-related genes between these two mycobacteria could contribute to the known structural differences in mannosylated molecules such as ManLAM (17) The structure of BCG ManLAM differs from that in M. tuberculosis in that it has a shorter mannan backbone with highly branched 3,5-linked D-Araf residues and the mannose-capping motifs in BCG are dominated by monocaps, as opposed to those in M. tuberculosis, which are dominated by di-or tricaps (21) . The goal of future research will be to link changes in gene expression for the mannose donor biosynthetic enzymes with the level of biosynthesis of mannose-containing cell wall molecules produced during infection. As an example, the mannosyltransferase PimB has been shown to be expressed at higher levels in M. tuberculosis compared to M. bovis (7) , and this may impact the reported differences in BCG and M. tuberculosis ManLAM (21) .
Gene expression differences between M. tuberculosis and BCG in broth may relate to the fact that BCG has multiple deletions and has accumulated many mutations in the genome that have led to adaptation to growth on glycerol-containing media (5). Our current work shows that BCG has reduced expression of several genes both in broth (Fig. 2B ) and within macrophages (Fig. 3C) .
The expression profile of M. tuberculosis and BCG mannose donor biosynthesis genes in macrophages is of particular importance not only because macrophages are the natural host cell niche for M. tuberculosis but also because the expression profiles are highly reproducible among different donors. Because humans are a heterogeneous population, it is often speculated that donor-to-donor variation might alter bacterial gene expression, but this was not found to be the case with our study. The transcriptional expression profiles of M. tuberculosis and BCG genes from bacteria within MDMs are representative of five independent experiments with five different donors, all generating similar transcriptional profiles. These reproducible data argue that the mycobacterial transcriptional events are required for bacterial acclimation, survival, and proliferation in the host cell. In human macrophages, the distinct differences in the pattern of expression of the majority of the genes under study between M. tuberculosis (Fig. 3B) and BCG (Fig. 3C ) suggest a possible link to the virulence of M. tuberculosis. It is of particular interest that expression levels of Rv3256c, Rv3258c, and ppm1 were high in M. tuberculosis 2 h after infection of macrophages and then gradually decreased. This suggests that the expression of these genes during the early period of infection is important for the entry of the bacterium into its preferred host cell environment and/or acclimation to that environment. Furthermore, the elevated expression of manB and manC at 48 and 72 h postinfection (Fig. 3B) suggests the possibility of an increased need for mannose donor molecules as the bacteria begin to replicate intracellularly after the initial adaptation period. In BCG, most of the identical genes under study were expressed at low levels (Fig. 3C) in macrophages, suggesting that BCG has less need for these genes for the purpose of infection and adaptation. Thus, the results obtained from human macrophages in our study give us new insight into the regulatory nature of transcription potentially related to virulence and provide us with an increased understanding of rational selection of bona fide drug targets for TB.
